Particle size dependent sinterability and magnetic properties of recycled HDDR NdeFeeB powders consolidated with spark plasma sintering *
Introduction
The NdeFeeB type rare earth permanent magnets since 1984 1, 2 have found applications in electric motors, microelectronics, MRI machines and wind turbine generators. 3 The 2011 rare earth crisis has jeopardized the supply chain of rare earth permanent magnets, 4 without any significant success in developing the rare earth free permanent magnets. 3, 5, 6 Therefore, the researchers are keen to recycle the end-of-life permanent magnets and reutilize them directly. Alternatively, the treatments like re-sintering, melt-spinning and hydrogen related processing: hydrogen decrepitation (HD) and the hydrogenationedisproportionationedesorptionerecombination (HDDR) 7e20 are possible in direct recycling of the magnetic scrap. The melt spinning and hydrogen routes are more promising from the economical perspective as the powder is directly suited for bonded magnet applications. The nanocrystalline powders cannot be conventionally sintered because of the microstructure dependent magnetic properties i.e., the coercivity will be lost by such processing. The HDDR powder finds most of its commercial applications in isotropic and anisotropic bonded magnets, 14, 19 which have relatively lower magnetic properties than the sintered counterparts.
Refining the grain size is a well-established way to enhance the coercivity of NdeFeeB type permanent magnets. 21 However, the nanocrystalline NdeFeeB powder are highly prone to oxidation due to formation of stable di-hexagonal close packed (dhcp) Nd 2 O 3 oxides 22e31 especially with the increase in temperature, thereby restricting the top down operations as well as the recycling process. 9À12,15À20 It was shown that the lower oxygen content and pore free microstructure inhibit the grain coarsening in the sintered magnets, 32 because higher oxygen content means more fcc-Nd to be scavenged out of the grain boundaries, forming hcp and eventually hcp Nd 2 O 3 . The formation of these oxides causes defects at the intergranular junctions that locally reduce the magnetocrystalline anisotropy of Nd 2 Fe 14 B grains. 27e30 These intergranular defects also introduce strains along the NdeFeeB 2:14:1 matrix grain interfaces and act as primary nucleation sites during magnetization reversal. 28 To preserve the microstructure, the HDDR powder can be sintered by rapid compaction techniques e.g., hot deformation 33, 34 or spark plasma sintering (SPS) 35e37 without a significant loss in the magnetic properties. The challenge remains as the HDDR powder is prone to oxidation as Kwon et al. 31 and Takagi et al. 35 reported on the loss of coercivity and remanence due to poorer sinterability in the finer sized HDDR powder, attributing it to the surface oxidation. Preparing the HDDR powder from the as cast ingots allows the freedom to maintain the close particle size range. But the recycling operation becomes tedious on EOL/scrap magnets as they are coated with protective films and the HD treatment cannot be performed without removing the coating. The protective coatings prevent the oxidation of Nd-rich phase in sintered magnets, but the impurities from the secoating will degrade the magnetic properties of the recycled material. 16 Therefore, before the HDDR treatment, the decrepitated powder particles are milled down to <200 mm to sieve out the coating fragments. As the powder particles get smaller (the surface area increases), the Ndrich phase at the particle boundaries exposed to the surface is prone to oxidation. This limits the applicability as the coercivity drops substantially. 31 The fundamental aim of this study is to determine the relation between the EOL HDDR-ed NdeFeeB particle size to the oxygen content and the SPS sinterability of these recycled HDDR powders. As the hydrogen-based recycling method used to reprocess EOL NdeFeeB demands a magnet coating removal, the average particle size of NdeFeeB for further reprocessing is reduced below 200 mm. To establish the particle size limit for the recycled HDDRprocessed powder to be viably reprocessed via SPS we mimicked the real-world conditions of particle size reduction during milling and sieving the fraction to identify the changes in sinterability and the magnetic properties. This research work justifies to what extent the recyclability via SPS as a case example of EOL/scrap magnets and HDDR powder reprocessing is possible. The emphasis of this study is to derive the correlations between the SPS conditions and the particle sizes for obtaining the best magnetic properties out of the recycled HDDR Nd-Fe-B powders.
Experimental
Sheridan et al. 13 have provided full details of the HDDR route of producing the recycled powder used in this study. The chemical composition measured with ICPeMS of the recycled powder was Nd 13.4 Dy 0.67 Fe 78.6 B 6.19 Nb 0.43 Al 0.72 . For this composition, the theoretical density calculated by multiplying the weight fraction and density of individual elements was approximated to 7.57 ± 0.01 g/cm 3 . The end-of-life scrap magnets had oxygen content of 0.266 wt%. The oxygen content increased to 0.476 wt% in the recycled powder after the HDDR reprocessing. The coarse recycled HDDR powder was burr milled for 6 h in argon to reduce the average particle size. Sieving was done in glove box from 1000 to <50 mm mesh size. The magnetic properties of recycled HDDR powder and sieved fractions were measured as a bonded magnet with the Lakeshore VSM (self-demagnetization is not adjusted). An Eltra ON 900 oxygen and nitrogen analyzer was used to measure the variation in oxygen content of the HDDR powder (coarse and fine) and in the powder fractions. The crystal phase identification was performed using the XRD (PANalytical Empyrean diffractometer) using Cu Ka radiation analysis on the different particle size fractions of the recycled HDDR powder. The Curie temperature (T C ) of 305 ± 3 C and endothermic ternary eutectic temperature of 665 ± 4 C were determined by Jupiter 449 Simultaneous Thermal Analysis (STA) instrument in the range of 30e900 C using 20 C/ min heating and cooling rates, under argon environment (99.99% purity and flow rate 50 mL/min).
For SPS sintering, about 3 g of the recycled HDDR powder (coarse and fine) and fractionated powder were added to 10 mm graphite dies. Graphite spacers and punches were placed and the dies were packed in vacuum sheets within the glove box to prevent oxidation during handling. Further 5 kN of uniaxial pressing was applied to squeeze the powder compactly without magnetic alignment. Just before the SPS, the chamber was purged with over pressure of Ar gas and vacuum sheets were removed. The dies were then positioned in the Syntex 3000 (DR. SINTER) SPS furnace with a controlled pressure unit. All the SPS experiments were done under 2 Pa dynamic vacuum and 100 MPa uniaxial pressure was continuously applied. Sintering temperature was varied from 650 to 850 C, with a heating ramp of 100 C/min. The holding time at the sintering temperature was kept to 1 min. The SPS temperature was controlled with a calibrated infrared pyrometer. After sintering, the samples were ground with 220 grit size SiC papers to remove the graphite foil. The magnetization and demagnetization behavior was measured on a permeameter (Magnet-Physik Dr. Steingroever). The Archimedean principle density measurements were taken on a DENSITEC density-meter by immersing the samples in silicone oil medium.
The post SPS thermal treatments (PST) were accomplished under a dynamic vacuum of >10 À3 Pa with a heating rate of 50 C/min within a horizontal tube furnace. The heat treatment was performed at 750 C for 1 h. Subsequent density and magnetic measurements were made after the thermal treatment. For the scanning electron microscopy (SEM), the samples were finely ground up to 4000 grit and then polished with 1/4 mm diamond paste on the velvet cloth. The microstructural examination was performed with a field emission scanning electron microscope (JEOL 7600F). Electron energy dispersive X-ray spectroscopy (EDS) analysis was performed at 20 keV with a 20 mm 2 Oxford X-Max detector.
Results and discussion

Characterization of coarse recycled HDDR NdeFeeB powder
As obtained recycled HDDR NdeFeeB powder particles are in the size range of 30e700 mm. Fig. 1(a) shows the low magnification image of the as received coarse HDDR powder particles with random morphology and an average particle size of 220 mm. Fig. 1(b) shows the typical microstructure of the HDDR powder with the gray matrix phase composed of nanocrystalline Nd 2 Fe 14 B hard magnetic grains (240e400 nm) and the bright Nd-rich phase that is randomly distributed along the grain boundaries. NdO 2 type phase were identified via EDXS (Table 1) as the main Nd-rich phase, except for Nd 2 O 3 which appeared slightly greyish and more regular in shape.
Magnetic properties and characterization of coarse SPS reprocessed HDDR powder
The recycled HDDR powder coercivity H ci ¼ 830 kA/m was measured with the VSM (without self-demagnetization adjustment). The coercivity (H ci ) is directly related to the microstructure and composition. The peak H ci was achieved by optimizing the SPS reprocessing at 750e800 C as shown in Fig. 2(a) . Subsequently the thermal treatment at 750 C for 1 h improved all the magnetic characteristics and the H ci increased from 950 to 1195 kA/m for the sample SPS-ed at 750 C, without a notable increase in the grain size distribution ( 100 nm). The H ci of as SPS-ed samples at 800e850 C was higher (>1000 kA/m), which is associated with an appreciably higher diffusivity of liquefied Nd-rich phase and better distribution into the grain boundaries. 38 In this case, the thermal treatment only slightly improved the H ci of as SPS-ed samples ! 800 C, since the adequate redistribution of Nd-rich phase was already achieved during sintering, which means that most probably the strain relaxation must have caused this minor increment in H ci after the thermal treatment. The nominal grain size corresponds to 330 ± 120 nm range for the recycled HDDR powder SPS-ed at 750 C. The H ci started to decline (1150 kA/m) at SPS temperature of 800 C and further deteriorated to 1112 kA/m for the sample SPS-ed at 850 C. This reduction in coercivity is facilitated by the rapid grain coarsening above 820 C. 35, 38 In contrast, the 650e700 C samples recovered up to 50% H ci only after the thermal treatments. This is due to inadequate redistribution of liquid phase at this temperature range, which is apparent because of lower sintered density. The thermal treatment above this temperature facilitated substantial diffusional transport of the liquid phase from the particle boundaries towards the intergranular channels, which enhances the H ci . 39, 40 Moreover, the thermal treatments are associated with smoothening grain surfaces and strain relaxation from the secondary phases (Nd oxides). 41, 42 The B r and density increased monotonically with the SPS temperature as shown in Fig. 2(b) . The B r reached 0.82 T for fully dense sample at SPS temperature of 800 C which increased slightly to 0.83 T (BH max ¼ 118 kJ/m 3 ) with the thermal treatment at 750 C. As the magnetic alignment of recycled HDDR powder was not made prior to SPS, the B r in range of 0.8e0.83 T indicates isotropic nature of reprocessed magnets (J r /J S ¼ 0.59). Nonetheless, with SPS reprocessing above 700 C, the density begins to approach the theoretical value of 7.57 ± 0.01 g/cm 3 .
Previous work 38, 43 confirmed the thermal treatment facilitated in the redistribution of the Nd-rich phase along the hard phase grain boundaries, smoothening the surface of the grains as well as releasing the interfacial strains from hcp-Nd 2 O 3 at intergranular junctions. 35,40e42 3.3. Characterization, properties and SPS reprocessing fineHDDR NdeFeeB powder In order to understand the limit of sizing down the recycled HDDR particles when they are separated from the protective Ni/ composite coatings, the particle size reduction was performed with burr milling. The average particle size was reduced from 220 to 120 mm as shown in Fig. 3 (a) which is in fact in the suitable range for sieving out particles without the flakes of the protective coatings. With this reduction in average particle size, the H ci of the fine recycled HDDR powder was also reduced to 595 kA/m (28.3% reduction). The microstructural features of the fine HDDR powder as in Fig. 3 (b) are similar to the coarse HDDR powder as presented in Fig. 1(b) , with the exception of increased porosity and microcracks. It seemed obvious that additional pores may have formed due to the loss of Nd-rich phase exposed on the surface during burr milling as the powder particles were trimmed.
Utilizing the aforementioned SPS conditions from 650 to 850 C for 1 min and 100 MPa uniaxial pressure, the measured H ci was reduced by 64% (350 kA/m) at 750 C from the fine HDDR powder, whereby the coarse HDDR powder yielded 950 kA/m after SPS-ing. Even at higher temperatures, the H ci of as SPS treated fine HDDR powder did not increase over 500 kA/m as shown in Fig. 4(a) . With post SPS thermal treatment the H ci recovered and was greater than the starting coarse as well as the fine HDDR powder. Nonetheless, the H ci dropped after burr milling and after thermal treatment, the fine HDDR powder has~25% lower H ci than the coarse HDDR powder reprocessed under similar conditions. Fig. 4 (b) shows that complete densification was only possible for the samples SPS-ed above 750 C and successively heat treated. The remanence on the contrary increased with the SPS temperature and the sample SPS-ed ! 750 C resulted in B r ¼ 0.8 T (RD.~98%). The B r value of 0.83 T (BH max ¼ 116 kJ/m 3 ) was observed for the 850 C SPS-ed fine HDDR powder sample after the heat treatment, but the H ci reduced to 880 kA/m. This B r value was possible at 800 C in case of the coarse HDDR powder, indicating that fine powders require higher temperature to fully sinter and densify. Since the volume fraction of the Nd 2 Fe 14 B phase is the same after burr milling, and the relative density scales similarly, therefore the deviation in the remanence of the isotropic magnets from coarse and fine powders is negligible as long as experimental relative density reaches 100% of the theoretical value of 7.57 ± 0.01 g/cm 3 .
To identify the particle size range suitable for sintering in relation to the oxygen content, the fine HDDR powder was fractioned from 630 mm and down to <50 mm mesh size in the glove box. The effect on magnetic properties by varying the powder particle size after fractionation was studied. The recycled HDDR powders (coarse and fine) as well as the sieved fractions were analyzed for their nominal oxygen uptake. The oxygen content analysis shown in Fig. 5 revealed that the fine HDDR powder has slightly higher oxygen wt% (5100 ppm) as compared with coarse HDDR powder (4760 ppm), although the average particle size is approximately reduced by 50%. The oxygen content increased rapidly in <100 mm fine sized particles, but the gain is insignificant for particles sized above 200 mm. The oxygen content increased by two folds approx. in <50 mm fraction, even though the milling operation, sieving and oxygen analysis were performed under inert atmosphere. Up to 100 mm, the oxygen content was less than 5500 ppm.
After burr milling, the H ci was reduced by 28% (595 kA/m) in the fine HDDR powder which is obvious due to the gain in oxygen content, as presented in Fig. 6 . The H ci measurements were also taken for each sieved fraction. For the coarser fractions (630e200 mm), the measured H ci (830 ± 15 kA/m) was equivalent to the coarse recycled HDDR powder. The 100 mm fraction did not lose much of the coercivity, but the finer sized fractions (<100 mm) experienced a radical coercivity reduction (500 ± 50 kA/m) with higher oxygen uptake. Oxygen scavenges the Nd-rich phase and leads to the formation of Nd 2 O 3 phase which considerably reduces the sinterability since the amount of liquid phase for wetting the grains is inadequate and sintered density is much lower. 22e24 Comparative XRD analysis of coarse, fine and fractionated powders (315, 100, 50 and <50 mm) is given in Fig. 7 . The XRD analysis of coarse HDDR powder reveals majority of peaks correspond to hard magnetic Nd 2 Fe 14 B phase with JCPDA serials: 00-036-1296 and 04-006-2691. The lattice parameters of tetragonal Nd 2 Fe 14 B belong to P42/mnm space group with a ¼ 0.879 nm, b ¼ 0.879 nm and c ¼ 1.22 nm. The matrix phase remained the same even after the burr milling and no dissociation to a-Fe was detected.
The tetragonal NdFe 4 B 4 (JCPDA # 01-081-3530) boride phase was also present. Several types of Nd-rich phases were identified with the XRD. The volume fraction of metallic Nd was below the detection limit, hence most of the Nd-rich ensembles comprised of NdO (JCPDA # 04-007-3961) and NdO 2 phases (JCPDA # 04-007-0500). This NdO x type Nd-rich phases are present in all the samples, irrespective of particle size. The NdO phase peak is observed in all the samples, while NdO 2 peak is more distinguished in 315 and 100 mm fractions as well as the coarse HDDR powder. The NdO 2 peak intensity diminishes in the fine fractions (50 and <50 mm) as well as the milled HDDR powder. With an increasing oxygen content in the smaller particles, the NdO x phase partially transforms to cubic c-Nd 2 O 3 oxide (JCPDA # 00-040-1283). The peaks and relative intensities of c-Nd 2 O 3 increased in the fine HDDR powder as well as <100 mm sized fractions. Additionally, the fine HDDR powder and <100 mm sized fractions also featured hexagonal hcp-Nd 2 O 3 type oxide phase (JCPDA # 00-040-1282 and 04-006-0997). This hcp oxide phase is known to introduce larger interfacial strains along the grain boundaries which reduces the H ci . 29, 30 With an increasing volume fraction of hcp/cubic Nd 2 O 3 , the overall grain boundary area is reduced and so the grains experience localized exchange effects without a continuous intergranular phase. 35, 37, 40 With the increase in oxygen content in finer fractions, the peak intensities of Nd 2 O 3 oxides was found to increase, which must be the reason behind the inferior sintered density for the samples SPS-ed up to 750 C, as in Fig. 4(b) . The thermal treatment slightly improved the sintered density, and conversely higher SPS temperatures (!800 C) was required to fully densify the fine HDDR powder.
SPS reprocessing of fractionated fine HDDR powder
These powder fractions were SPS reprocessed at 750 and 800 C to identify how the magnetic properties change for each fraction and knowing the state of oxygen uptake. As shown in Fig. 8(a) and (c), the coarse fractions reproduced H ci ¼ 900 ± 50 kA/m, which is equivalent to the non-milled HDDR powder. The SPS-ed H ci declined below 450 kA/m for 200 mm sized fraction in the 750 and 800 C SPS-ed samples are shown in Fig. 8(a) and (c), respectively.
In the 100 mm powder fractions, the H ci got reduced drastically to less than 100 kA/m. The thermal treatment improved the overall H ci in !100 mm sized fractions by mere 50e100 kA/m, but nonetheless the H ci was significantly lower than 200 kA/m in the finer sized HDDR powder fractions. The H ci of 50 mm fractions after SPS was less than 100 kA/m and only increased to À245 kA/m, which is substantially lower than both the fine HDDR powder (595 kA/m) and <50 mm powder fraction's coercivity (460 kA/m). This is possibly due to a phase transformation during the SPS that further deteriorated the H ci of <100 mm sized fractions. The possible phase transformation during the SPS should be of Nd-rich phase, i.e., of NdO x and c-Nd 2 O 3 to hcp-Nd 2 O 3 26e30 for oxygen content greater than 6000 ppm. This also degraded the sinterability as the SPS-ed density of fine fractions was 6.3 and 6.5 g/cm 3 at 750 and 800 C, respectively. At SPS reprocessing temperature of 800 C (Fig. 8(d) ) the densification was marginally higher than with the SPS temperature of 750 C (Fig. 8(b) ). The densification dropped as the particle size was reduced below 100 mm. The densification was lower than À80% after the SPS for these fine fractions and after the thermal treatment only improved to approx 84%. Predictably the B r was approx.
50% lower for the finer fractions (<100 mm) as shown in Fig. 8(b) for 750 C and (d) for 800 C SPS-ed fractions. The B r of the coarse fractions 630 and 315 mm was 0.79 T in 800 C SPS-ed sample. The coarse fractions sintered at 750 C had slightly lower remanence (2%) and reached B r ¼ 0.79 T (BH max À108 kJ/m 3 ) after the thermal treatment. The B r and density were slightly higher when the powder fractions were SPS-ed at 800 C, except for the finer fractions ( 100 mm), which did not recover their magnetic properties after the thermal treatment (and not even comparable to the fine HDDR powder). Since the remanence ratio (J r /J S e0.58) for the fully dense samples (i.e., coarser fractions (!100 mm)) does not change substantially with the SPS reprocessing temperatures, the absolute B r values indicate the miniscule changes in sintered density of the isotropic magnets. The J r /J S ratio of 0.34 is significantly lower for the <50 um fraction, implying poor densification of isotropic magnets from the fine HDDR powder.
On the contrary, milling has introduced more oxygen in to the system as the particle size was reduced. The excess of non-oxidized intergranular Nd-rich phase is attributed to improvement in the H Ci of the original HDDR powder 13, 40, 44 as well as SPS processed magnets. 35e37 So, the presence of pristine NdO x type enrichments contributed to retaining the H ci after milling and subsequent SPS reprocessing in coarser fractions (!200 mm). The reduction of 100e200 kA/m H ci in coarse fractions as compared to the nonmilled HDDR powder (À1200 kA/m) is due to the mechanical degradation of the powder surfaces which activates the surface for oxygen uptake, 38,43e47 and thermal processing (SPS) permits phase transformation of Nd-oxides, as more of the surface oxygen reacts with intergranular Nd-rich phase to form cubic and hcp-
The most obvious reason identified for the degradation of sinterability and the magnetic properties is clearly the exponential gain in the oxygen content, which leads to the formation of hcp-Nd 2 O 3 oxide phase. This phase remains stable during the SPS process, and in finer fractions with higher surface area, its occurrence of hcp-Nd 2 O 3 phase is more apparent. Therefore, the amount of the liquid phase during SPS is not enough to fully densify the recycled HDDR powder. The lack of formation of optimal microstructure after SPS in finer fractions therefore is the reason why H ci , B r and the density are low, which do not recover even after the thermal treatment due to substantial oxidation (Nd-rich phase transformation to cubic-and hcp-Nd 2 O 3 ).
The original EOL sintered magnet had H Ci À1160 kA/m, and recycled HDDR powder's coercivity is 830 kA/m. During the HDDR based recycling it is essential that all disproportionated phases especially a-Fe must recombine back to Nd 2 Fe 14 B matrix phase and the Nd-rich intergranular phase is uniformly distributed along the grains. During desorption, the hydrogen dissociates from NdH 2 and promotes the diffusion of Nd during recombination stage by forming continuous grain boundary phase surrounding the Nd 2 Fe 14 B matrix, which in turn reduces grain's surface defects and increases the H Ci . 48 Such recycled HDDR powder will have magnetic properties close to EOL magnet because of nanostructurization of the Nd 2 Fe 14 B grains i.e., near the single domain grain size. 3, 5, 13 During the recycling with HDDR process, if Nd content is low or gets reduced as the oxygen scavenges it to form Nd 2 O 3 , then its uniform distribution will be affected which can cause grain boundary regions running dry. Therefore, the adjacent grains across such dry grain boundary channels are in contact with each other, leading to localized exchange coupling which reduces the coercivity. 3, 40 The presence of micron sized residual grains after d-HDDR process can also reduce the HDDR powder coercivity, so control of the HDDR technology and improvements are necessary. 43e47 Excessive addition of Nd and up to 2 at% Al in the composition has been reported to increase the coercivity of HDDR powder to 1560 kA/m due to continuous grain boundary layer of Nd-rich phase, 48 but such methodology may not be applicable to modify the composition of magnetic scrap during the HDDR recycling route. The diffusion treatment of the HDDR powder with up to 20 wt% Nd 80 Cu 20 resulted in H ci of 1552 kA/m, 49 may seem a more feasible approach after HDDR recycling to augment the coercivity. However, the target of this study was also to determine the highest possible magnetic properties from the SPS processed recycled HDDR powder, without any addition of RE-rich diffusing alloys.
Comparing the findings of this study with state-of-the-art on recycling and HDDR NdeFeeB, it is clear that the obtained H ci ¼ 1200 kA/m of coarse non-milled powder is the highest for this composition of the recycled HDDR powder, 13e19, 36e38, 50,51 even compared to our previous results 38 due to application of higher pressure and preservation of the original HDDR microstructure after SPS and optimal thermal treatments. The recovery of H ci values of original EOL magnet asserts that the HDDR recycling route is a very feasible option in terms of retaining the ultrafine microstructure and the correlated magnetic properties. The SPS has proven as an indispensable tool to sinter bulk magnets out of the recycled HDDR powder without compromising on the magnetic properties. The H ci values in this study are slightly higher than the commercial HDDR powder as well, 35 where the authors also described finer particles exhibiting lower magnetic properties but not classifying with an explanation of how oxidation disrupts the microstructure and the effects of annealing in recovery of the magnetic properties.
The initial magnetic properties in the recycled NdeFeeB system can be recovered only if the Nd-rich phase remain unattached and/ or in NdO x form which has not been further oxidized to stable hcp-Nd 2 O 3 phase, which put a limit on sizing down the particle size to !100 mm. 38, 50 At sintering temperatures used in the present study, it is expected for the oxygen adsorbed on the surface of Nd-rich phase to undergo further oxidation to metastable hcp-Nd 2 O 3 phase which consumes more Nd, henceforth the smaller HDDR particles are more prone to this phase transformation 31 during the SPS and thermal treatment. This effectively limits both: the sinterability and the coercivity. When the metallic Nd from the intergranular regions excessively transforms to oxides because of the adsorbed surface oxygen, the diffusion kinetics of Nd-rich liquid phase during the thermal treatment will be limited to redistribute it uniformly across the intergranular region leading to lower coercivities, which would otherwise recover the magnetic properties of the recycled feedstock. The thermal treatment was found to be beneficial as it relieves the microstructure of SPS processing stresses, refines the surface morphology of the matrix grains 3 and the grain boundary channels are widened 40, 41, 48, 49 with the Nd-rich phase being redistributed, which in turn increases the coercivity.
SEM examination of SPS reprocessed fractions
The SEM analysis in Fig. 9 revealed the coarser fractions (630 and 315 mm) after SPS-ing at 750 C and subsequently thermally treated, formed up nearly dense microstructure. The Nd-rich phase is adequately distributed along the particle boundaries in the microstructure as shown in Fig. 9(a) and (c) as well as the grain boundary region along of the Nd 2 Fe 14 B matrix phase (b) and (d). The average grain size does not change and it says in the range of Fig. 9 . HR-SEM images of 750 C SPS treated coarse powder fractions. 300e500 nm after the burr milling as in Fig. 9 (b) of 630 mm and (d) of 315 mm.
Comparatively, the microstructure of the finer sized fractions SPSed at 750 C and thermally treated samples is noticeably different as shown in Fig. 10(a) and (c) of 50 and <50 mm, respectively. Clearly with the reduction in the particle size, overall very high porosity in the microstructure is evident which is attributed to poor sintered densities. The Nd-rich phase is distributed like an extensive network in the coarser fractions (630 and 315 mm) in Fig. 9(a, c) , which is contrary to the fine fractions (50 and <50 mm) as the intergranular phase is truncated to the rounded shape. At higher magnification Fig. 10(b) and (d), it was confirmed that these rounded features are Nd 2 O 3 type oxides. So in the fine fractions, most of the Nd-rich phase existed with a different (greyish) contrast and morphology which was due to the oxidation of the secondary phase (Nd 2 O 3 phase transformation). The intergranular Nd-rich phase was mostly squeezed out to the surface during the SPS and it oxidized on the surface with adsorbed oxygen, subsequently forming Nd 2 O 3 as confirmed with EDS, therefore the porosity was left over in these finer fractions. Lower density samples from fine sized HDDR powder had reportedly poorer magnetic properties, which were unrecoverable even after thermal treatments. 35 This verifies the fact that the overall reduction in the total volume fraction of the hard-magnetic phase after burr milling is virtually insignificant. But the secondary Nd-rich phase experiences phase change due to excessive formation of Nd 2 O 3 oxides, which radically drops the recycled powder and sintered magnets' coercivity, moreover reduces the sinterability for finer fractions as well. 22, 23, 31, 40 In effect, it reduces the diffusivity of liquid phase due to excessive Nd 2 O 3 oxides formation, therefore loss of Nd-rich liquid phase due to the formation of stable hcp-Nd 2 O 3 as the most probable reason for lower sintered density and remanence. 26, 28 Even though the interfacial strains associated with Nd 2 O 3 formation along intergranular junctions are reduced by thermal treatments which improves overall the magnetic properties as well as the sintered density, it is a fair indicator that a much higher volume fraction of Nd-oxides will ultimately deteriorate the magnetic properties (beyond repair and may require excessive addition of Nd). 25, 35, 40 Henceforth the presence of secondary phase is very important for the development of optimal magnetic properties and it degrades severely as Nd-rich phases gets exponentially oxidized with the particle size reduction. Thereby it is suggested to maintain the powder particle size >100 mm during the HDDR reprocessing of end-of-life scrap magnets to achieve higher H ci and sintered densities. Alternative recycling strategy should be adopted for coated magnets to remove the protective coatings prior to pulverization of EOL scrap magnet's particles, which must not be below 100 mm if HDDR reprocessing is opted. Moreover, the <100 mm sized recycled HDDR powder may require supplementary RE-rich alloy to recover the degradation of the magnetic properties and sinterability.
Conclusions
The magnetic properties and the sinterability of the recycled HDDR NdeFeeB powder from end-of-life scrap magnets were evaluated in relation to the oxygen content. Spark plasma sintering was used to fully densify non-milled HDDR powder with H ci values corresponding to fresh commercial grade Aichi Steel's HDDR powder. The fine HDDR powder (<100 mm) underperformed with SPS reprocessing and could not gain similar properties as the coarse HDDR powder (!100 mm). After the optimal SPS reprocessing at 750 C for 1 min, the H ci is 945 kA/m of the isotropic sintered magnets made from burr milled recycled powder and the coarser fractions is~50% higher than this fine HDDR powder. The optimally SPS treated coarser fractions (!200 mm) have virtually unchanged coercivity (>1000 kA/m) and full densification, similar to the coarse recycled HDDR powder. The finer sieved fractions ( 50 mm) were found as the culprit behind the radical coercivity drop due to the substantial gain in the oxygen content (>8000 ppm).SEM/EDS analysis confirms the loss of intergranular Nd-rich phase and sweeping formation of Nd 2 O 3 phases on the surface of the fine fractionated HDDR powder. Thereby the fine powder size fractions ( 50 mm) loose the sinterability in the SPS and the resultant magnetic properties are poor. Based on our study results the 100 mm particle size is proposed as the minimum limit for reprocessing of the HDDR powder without sacrificing the magnetic properties.
